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Introduction
The global prevalence of multidrug resistant bacteria (MDRB) is on the rise and makes conventional antibiotic therapies less efficient, which results in great challenges for the biomedical and food technology areas. [1] [2] [3] [4] Therefore, it is important to develop easy and highly efficient broad spectrum antibacterial treatments and therapies to fight new bacterial infections regardless of drug resistance. Over the past decade, nanomaterials, 5, 6 including silver nanocrystals, [7] [8] [9] gold nanoparticles (NPs), 10, 11 metal oxides 12, 13 and graphene, 9, 14, 15 have been used for disinfection. In contrast to the anti-bacteria mechanism of Ag nanomaterials, 16 the disinfection with other nanomaterials is achieved via photothermal therapy (PTT) by means of their good photothermal conversion efficiency. PTT [17] [18] [19] [20] [21] [22] [23] has been widely used for tumor therapy by converting near infrared (NIR) light from pulsed lasers into heat by virtue of the efficient photothermal conversion of strongly light-absorbing materials such as polyaniline, 24, 25 gold nanocages, [26] [27] [28] gold NRs, 29, 30 gold nanoshells, 31 carbon nanotubes (CNTs), 32 graphene, [33] [34] [35] [36] [37] and semiconductors including Cu2-xS, 38 Cu2-xSe, 39
MoS2, 40 and WS2. 41 Moreover, they also were investigated for using solar energy for environmental purification and other fields. [42] [43] [44] [45] [46] In order to get the ideal photothermal conversion efficiency, significant effort has been devoted to the controlled synthesis of nanostructures whose absorption peak is in accordance with the laser wavelength, in order to get strong localized surface plasmon resonance (LSPR) absorption. [47] [48] [49] [50] [51] [52] [53] [54] However, due to the inconvenient access to an expensive laser instrument, the application of these agents for in situ photothermal treatments was limited in practical situation. Moreover, single-wavelength laser-based photothermal treatments do not satisfy the wide demand for anti-bacterial treatment in the field of large scale food sterilization and environmental treatments. The use of sunlight, as an important source of clean and renewable energy that is abundant in the wild, would be an excellent alternative irradiation for photothermal treatments. However, according to the energy distribution of sunlight, around 54.3%, 38.9% and 6.8% of sunlight at the earth's surface is located in the infrared (760-3000 nm), visible (400-760 nm), and ultraviolet (<400 nm) range, respectively. 55 Therefore, it is highly desirable to develop photothermal agents with broadband, especially strong NIR absorption and high photothermal conversion efficiency, so that these agents can be used for photothermal disinfection by means of natural sunlight. Among the reported photothermal agents, noble metal nanostructures are the most widely investigated materials to date. As a newly emerging type of plasmonic nanomaterial, highly doped p-type copper chalcogenides demonstrate excellent photothermal properties because of their strong LSPR effects and broadband absorption. 56 As for a noble metal nanomaterial, with defined nanostructure parameters including metal species, shape, and size, the LSPR response is permanently fixed. Yet, the LSPR peak of the copper chalcogenides can be tuned simply by adjusting the doping levels of carriers. 57 These semiconductor nanocrystals with broad and strong NIR absorption are earthabundant, low-toxic, photochemical stable, and easy to obtain, therefore would be good alternatives to current photothermal agents.
Herein, we present a facile strategy for the one-step synthesis of hydrophobic Cu7S4 nanorods (NRs) via hot injection and thermolysis of a single precursor. Compared to our previously prepared Cu7S4 nanoparticles (NPs), 56 these Cu7S4 NRs with LSPR absorption peak around 1500 nm demonstrate stronger light absorption in the range of 300-3300 nm and higher photothermal conversion efficiency, which is particularly suitable for the photothermal conversion of sunlight. By coating with a lab-made amphiphilic polymer (PSIOAm, oleylamine functionalized polysuccinimide), the hydrophobic Cu7S4 NRs were successfully transferred into water as Cu7S4@PSIOAm nanocomposites (Cu7S4 NCs) for photothermal ablation application. As shown in Scheme 1, the Cu7S4 NCs were mixed with bacteria, owning to their good biocompatibility, the viability of bacteria was not influenced in the absence of sunlight irradiation. However, after irradiation with sunlight, the media temperature was dramatically elevated, and thus the Gram-negative (E. coli) and Gram-positive (S. aureus) pathogens were totally killed, which clearly indicates that these Cu7S4 NCs are promising candidates for biocompatible, stable and effective solar photothermal agents used in the disinfection of bacteria. 58 -60 Except where stated otherwise, all the reagents were of analytical grade and used as received without further purification.
Experimental section

Characterization.
Transmission electron microscopy (TEM) images were obtained on a Hitachi H-800 transmission electron microscope with an acceleration voltage of 100 kV. High-resolution transmission electron microscopy (HRTEM) observations were performed on a JEOL JEM-2100F transmission electron microscope operating at 200 kV. Powder X-ray diffraction (XRD) patterns were recorded on a Bruker AXS D8-Advanced X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å). A 2θ ranging from 10° to 70° was carried out in steps of 0.02° with a count time of 2 s. UV-vis-NIR absorbance spectra of the as-synthesized Cu7S4 nanorods were measured with a UV-3600 spectrophotometer (Shimadzu) equipped with a plotter unit. The fluorescence imaging of bacteria was conducted on a TCS SP5 two-photon confocal microscopes (Leica) equipped with a Mai Tai near infrared (NIR) diode laser. The thermal imaging and temperature evolution plots were performed on a FLIR-A600 infrared (IR) camera. Cytotoxicity of these Cu7S4 nanocomposites was tested via an ELISA plate reader (F50, TECAN).
Synthesis of Cu7S4 Nanorods.
The [Cu(S2CNBut2)2] precursor was synthesized prior to the preparation of the hydrophobic Cu7S4 semiconductor nanorods. Typically, HS2CNBut2 (2.1 mg, 0.01 mL) and Cu(NO3)2·3H2O (0.1 mmol) were mixed in ethanol (1.0 mL) under stirring and ultrasonication for 15 min. Subsequently, the ethanol was removed by evaporation and the product was dissolved in oleylamine (1.0 mL). The resultant green [Cu(S2CNBut2)2] solution was stored at room temperature for later use.
Next, a reaction flask equipped with a magnetic stirring bar was charged with 4.0 mL of OAm and 6.0 mL of ODE. The mixture was then gradually heated to 205 °C with a gentle flow of nitrogen with stirring. Then 1.0 mL of the as-prepared Cu(S2CNBut2)2 precursor (0.1 mmol) was directly injected into the above hot solution, and the resultant solution turned into black instantly. This solution was maintained at 190 °C for 10 min and then cooled to 60 °C naturally by removing the heating metal block. A black product was obtained by addition of ethanol (30 mL) to the reaction mixture and subsequent centrifugation. The final product (Cu7S4 NRs) was collected by washing twice with hexane and precipitating with ethanol, and then re-dispersed in 1.0 mL of chloroform for later use. It should be mentioned that we previously prepared small Cu7S4 nanoplates using a similar protocol with dodecanethiol (DDT) and excess HS2CNBut2. 56 In this work, Cu7S4 nanorods were obtained by changing the dosage of the ligands (See Table S1 ). The reason for the failure to obtain nanorods during the previous work may be ascribed to the strong chelating ability of dodecanethiol and HS2CNBut2 towards the Cu7S4 surface, which limits the epitaxial growth of the Cu7S4 nanocrystals. To be specific, in our previous work, excess HS2CNBut2 and DDT ligands were attached on the surface of Cu7S4 nanocrystals, which would stabilize or limit the epitaxial growth of them. However, when fewer ligands were employed in this work, the surface energy may drive the crystal growth at certain facet, leading to formation of nanorods.
Surface Functionalization of Hydrophobic Cu7S4 Nanorods.
The hydrophobic Cu7S4 nanorods (0.5mL, 300 μg) were transferred into the water phase by coating with a thin layer of the as-prepared amphiphilic PSIOAm before photothermal ablation. In a typical procedure, 60 mg of the lab-made PSIOAm and 300 μg of hydrophobic Cu7S4 nanorods were dissolved in chloroform (1 mL). The mixture was then added to 10 mL of NaOH aqueous solution (10 mmol L −1 ) under ultrasonication, and a resultant brown emulsion was obtained. This emulsion was then kept at 60 °C for 2 h with stirring to remove chloroform. The Cu7S4 NCs were collected by centrifugation, and re-dispersed in deionized water (1.0 mL) for later application.
Evaluation of Photothermal Performance.
To measure the photothermal conversion efficiency of the hydrophilic Cu7S4 NCs, simulated sunlight was applied to irradiate the nanomaterial colloidal solution (1.0 mL) in a quartz cuvette under different power densities and concentrations of NCs. The irradiation power was set in the range of 01.0 W/cm 2 , and the power density was measured through an optical power meter. The temperature profiles versus power or Cu7S4 NCs dosage were recorded by an onlinetype thermocouple thermometer with an accuracy of ±0.1 °C. To evaluate the solar photothermal efficiency of the NCs, the temperature variation of the aqueous dispersion was recorded versus time under continuous irradiation by simulated sunlight with a power density of 1.0 W/cm 2 until the solution reached a steady temperature.
Cell Viability Assay.
Cytotoxicity of the as-prepared nanocomposites was evaluated using a standard MTT assay. Briefly, HeLa cells (510 4 cells/well) were seeded in a 96-well microtiter plate, then different amounts of Cu7S4 NCs (0 to 300 μg/mL) were added and exposed to irradiation by the simulated sunlight prior to incubation at 37 °C for 24 h under 5% CO2 and a 95% relative humidity atmosphere, respectively. Then, 10 μL of sterilefiltered MTT stock solution in phosphate buffer solution (4.0 mg/mL) was added to each well. The 96-well microtiter plate was incubated at 37 °C for another 3 h. The absorbance of the soluble coloured formazan produced by cellular reduction of MTT in each well was measured at 490 nm using an ELISA plate reader (F50, TECAN), which corresponds to the cell viability.
Bacterium Culture.
Before each microbiological experiment, all samples and glassware were sterilized by autoclaving at 121 °C for 20 min. 10 L of cryopreserved S. aureus or E. coli was transferred to 10 mL of liquid LB culture medium, respectively, and grown at 37 °C for 20 h whilst been shaken. Subsequently, the bacteria were centrifuged and re-dissolved in 10 mL of phosphate buffer solution (PBS, pH 7.4), which is called original bacterium solution. Prior to use, the original bacterium solution was then diluted to a concentration of 10 6 colony forming units per mL (CFU/mL) with PBS.
Viable Counting of Bacteria.
In order to observe the number of the bacterium colonies, the original bacterium solution (50 μL) was placed on LB solid medium by the spread plate method and cultured for 24 h, and then the number of bacteria was counted.
Photothermal Anti-bacterial Evaluation.
The bacterium suspension (200 μL, 10 7 CFU mL 1 ) was mixed with Cu7S4 NCs (500 μL, 300 μg/mL) and PBS to afford a solution with total volume of 2.0 mL. The resulting solution was exposed to irradiation by simulated sunlight at a power density of 1.0 W/cm 2 . Different irradiation times were investigated. After irradiation, 50 μL of the bacterium solution was spread on the solid LB culture medium pre-loaded in the agar plate, and then cultured for 24 h to evaluate the photothermal anti-bacteria efficiency. Both in the absence and presence of irradiation by simulated sunlight, the control experiments were conducted under identical conditions except that the NCs were replaced by the same volume of PBS. Then irradiation by natural sunlight at power density of 70 mW/cm 2 was used to evaluate the photothermal anti-bacterial efficiency.
Fluorescence Imaging Assay of Bacteria After Photothermal Treatment.
The bacteria after photothermal treatment were stained with PI (10 μg/mL) for 20 min in dark for fluorescence imaging. The dead bacterial cells were visualized (under a 100× lens) with a CLSM confocal microscope (Leica) equipped with a He-Ne laser (543 nm).
Results and discussion
Synthesis and Characterization of Cu7S4 NRs.
The Cu7S4 nanorods were synthesized by the hot-injection of freshly prepared Cu(S2CNBut2)2 precursors in the presence of a mixed solvent consisting of OAm and ODE. As shown by the transmission electron microscope (TEM) images, these hydrophobic Cu7S4 nanocrystals demonstrated rod like shape with size of 50 nm × 13 nm, and no aggregation was observed (Figure 1a ). After encapsulating with a thin layer of 4 | J. Name., 2013, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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PSIOAm using a modfified version of our previously published procedure, 58 these hydrophobic NRs were successfully transferred from chloroform into water as Cu7S4 NCs and displayed superior water dispersibility (Figure 1b) . Both of the hydrophobic and hydrophilic nanocrystals showed good size and shape distribution, and the dimensions of hydrophilic NRs remained unchanged before and after the phase transfer process. Furthermore, microstructure was determined by high-resolution transmission electron microscope (HRTEM) image (Figure 1c ) and electron diffraction (ED) pattern (inset of Figure 1c ). An interplanar spacing of 0.351 nm was observed in a single crystal from the HRTEM image, which corresponds to the dspacing for (16 0 0) planes of the monoclinic Cu7S4 crystal. Additionally, the diffraction rings of the selected area ED pattern (Figure 1c) can be assigned to the (0 16 0), (16 0 0) and (18 2 1) zone axis of monoclinic Cu7S4 NRs, respectively. The monoclinic structures of these Cu7S4 NRs were further identified using powder X-ray diffraction (XRD) results (JCPDS card no. 23-0958) (Figure 1d ). The coating layer surrounded the nanorod was further confirmed using Fourier transform infrared spectroscopy (FTIR) (Figure 1e ) and thermogravimetric analysis (TGA) (Figure 1f ). As shown in Figure 1e , the FTIR spectrum of Cu7S4 NCs is very similar to that of PSIOAm, suggesting the successful coating of Cu7S4 with PSIOAm. Moreover, from the TGA (Figure 1f ), about 33% weight loss was observed from the Cu7S4 NCs, which was over three times than that (<11%) of hydrophobic Cu7S4 NRs, further indicating the successful encapsulation of Cu7S4 with PSIOAm.
Photothermal Performance.
Prior to evaluation of the photothermal anti-bacteria activity, the photothermal performance of these Cu7S4 NCs was investigated. As shown in Figure 2a , these Cu7S4 NCs possess strong and broadband (300-3300 nm) absorption with a LSPR peak (1790 nm) in the near infrared (NIR) range, which is beneficial for efficient photothermal conversion of sunlight. The photothermal conversion efficiency of these Cu7S4 NCs was further investigated. To be specific, the Cu7S4 NCs dispersion was continuously illuminated by an 808-nm diode laser with a power density of 0.457 W/cm 2 for 360 s. Thereafter, the laser irradiation was switched off while the temperature was monitored to determine the rate of heat transfer within the system (Figure 2b, 2c) . According to Roper's method 61 and our previous report, 56 the photothermal conversion efficiency (ηT) of these Cu7S4 NCs was calculated to be 57.8%. Herein, the stronger photothermal conversion efficiency achieved can be attributed to the larger size of the Cu7S4 nanorods compared to the small Cu7S4 nanoplates, because a large particle size favours photothermal conversion efficiency. 56, 62 It is worth noting that here we use a 808-nm laser considering that it is convenient for comparison with the previous work. 56 Of course, if the laser wavelength is close to the LSPR peak, higher photothermal conversion efficiency will be obtained. But in the current work, we are more concerned about the photothermal performance of these Cu7S4 NCs with irradiation of simulated and natural sunlight.
Therefore, we investigated the effects of NCs concentration and power density by simulated sunlight on the temperature evolution of the colloidal solution. As shown in Figure 2d , the 
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Please do not adjust margins temperature profiles of Cu7S4 NCs at different concentrations (18.75-300 μg/mL) were measured under continuous irradiation using simulated sunlight with power density of 1.0 W/cm 2 . The concentration of Cu7S4 NCs was calculated from Cu 2+ concentration determined using inductively coupled plasma mass spectrometry (ICP-MS). The temperature elevated gradually along with an increase in the concentration of Cu7S4 NCs and reached 80 °C at the end. As expected, the power density of irradiation also has considerable influence on the temperature evolution (Figure 2e ). When the power density is 1.0 W/cm 2 , the temperature can rise to 80 °C from room temperature (25 °C) at NCs concentrations of 300 μg/mL, and even under a low power density of 0.4 W/cm 2 , the temperature can reach 53 °C. In order to clearly and visually illustrate the photothermal performance with different power densities and concentrations of Cu7S4 NCs, the final photothermal images of the Cu7S4 NCs solution after irradiated by simulated sunlight for 6 min were also shown in Figure 2f , which implied that higher power density as well as concentrated Cu7S4 NCs gave the highest temperature increase. All the results suggest that our Cu7S4 NCs demonstrate excellent photothermal performance under irradiation by simulated sunlight, which is highly desirable for the sunlight induced photothermal anti-bacterial activity.
Anti-bacterial Tests.
Since photothermal agents for clinic and food sterilization require good biocompatibility and low cytotoxicity. We evaluated the cytotoxicity of the as-synthesized Cu7S4 NCs in HeLa cell lines, with and without irradiation by simulated sunlight ( Figure S1 , ESI †). In the absence of sunlight, the cell viability remains above 95% after incubation with Cu7S4 NCs (150 μg/mL) for 24 h. Further increasing the concentration of NCs up to 300 μg/mL, over 85% of cells were still alive. However, under irradiation by simulated sunlight (1.0 W/cm 2 ) for 5 min, the survival ratio of cells rapidly decreased, and finally the cell viability fell to less than 5% as a result of photothermal effect of Cu7S4 NCs. All these results suggest that the as-prepared Cu7S4 NCs are promising candidates for biocompatible and safe solar photothermal agents.
Encouraged by these excellent properties, we carried out the photothermal anti-bacteria performance of these Cu7S4 NCs. Two typical bacterial strains, i.e. Gram-positive S. aureus and Gram-negative E. coli whose shapes and sizes are shown in TEM images ( Figure S2 , ESI †), were selected as model bacteria to investigate. The bacterium number (colony) was counted using a serial dilution method ( Figure S3, ESI †) . The photothermal anti-bacteria efficiency of Cu7S4 NCs was assessed by the plate-count method with and without irradiation by simulated sunlight (Figure 3 ). As shown in Figure 3a , 3b, 3e and 3f, without sunlight irradiation, the survival ratio of bacteria was satisfied both for control (Figure 3a and 3e) and with NCs (Figure 3b and 3f) , suggesting that the NCs alone cause negligible damage to the bacterial strains. However, after being exposed to irradiation by simulated sunlight (1.0 W/cm 2 ) for 3 min, the amount of bacteria remained almost unchanged Fig. 3 . Evaluation of photothermal antibacterial effects of Cu7S4 NCs on S. aureus (a-d) and E.coli (e-h) without (a, b, e and f) and with (c, d, g and h) the simulated sunlight (1.0 W/cm 2 ) irradiation for 3 min. The Cu7S4 NCs (500 μL, 300 μg/mL) and bacteria (200 μL, 10 7 CFU/mL) were mixed into PBS to afford a total volume of 2 mL solution and then irradiated with the simulated sunlight (1.0 W/cm 2 ) for 3 min. After irradiation, 50 μL of the bacterium suspension was cultured in the agar plate and incubated at 37 °C for 24 h before photographing and counting. As controls, the phosphate buffer solution (PBS) instead of Cu7S4 NCs colloidal solution was mixed with the bacteria before sunlight exposure in group a, c, e and g.
in the absence of photothermal agents (Figure 3c and 3g) , while the bacteria were completely killed in the presence of Cu7S4 NCs (75 μg/mL) (Figure 3d and 3h) , demonstrating the outstanding broad spectrum disinfectant efficiency of Cu7S4 NCs. The influence of the irradiation time (0, 0.5, 1, 2, 3, 4 min) on the photothermal anti-bacterial efficiency was also investigated by taking E.coli ( Figure S4 , ESI †) and S. aureus ( Figure S5 , ESI †) as model bacteria. The results indicated that under a power density of 1.0 W/cm 2 , an exposure time of 2 and 3 min was sufficient for the complete eradication of E. coli and S. aureus, respectively. To explore the possible disinfection mechanism of the as-prepared Cu7S4 NCs, we have carried out the control experiments by treating bacteria suspension with heat since it is generally recognized that the extensive LSPR features of Cu7S4 NCs can give rise to photothermal effect. In order to evaluate the influence of such effect on the disinfection, we heated up the sample for 4 min under temperature of 70 °C in the dark environment. As shown in Figure S6 (ESI †), clearly, it was found that if only treated with heat, both E. coli and S. aureus colonies were still observed in the agar plate, indicating the incompleteness of disinfection of this method. While, for the sample treated under simulated sunlight (Figure 3d, 3h) , the bacteria were completed killed as no bacteria colony was found in the agar plate. Therefore, these results indicated that the antibacterial property of Cu7S4 NCs was not just originated from the photothermal effect. We propose both photothermal effect and solar light driven catalytic activity account for the observed high antibacterial efficiency.
In addition, a red fluorescence dye (prodium iodide, PI) was utilized for further evaluating the photothermal anti-bacterial efficiency given that the membrane of bacterial was destroyed after photothermal treatment and the PI can stain the dead bacterial. As shown in Figure 4 , lots of S.aureus and E.coli cells either live or dead were observed from the bright-field microscopy images (Figure 4 , a1-d1 and e1-h1). As expected, the bright red fluorescence of PI was only observed from S. aureus (Figure 4d ) and E. coli (Figure 4h Please do not adjust margins
Please do not adjust margins indicating that these bacteria were dead under the photothermal effect of these agents. In addition, it is clear that in the absence of either photothermal agents (Figure 4a , c, e, g) or sunlight ( Figure 4a , b, e, f), the growth of bacteria was not influenced. These results further suggest that our Cu7S4 NCs are efficient photothermal agents for disinfection using irradiation by a source of simulated sunlight.
To illustrate the potential applications in the wild and environmental treatment, we further evaluated the photothermal anti-bacteria efficiency of these Cu7S4 NCs with natural sunlight as irradiation source. As shown in Figure 5 , in the presence of Cu7S4 NCs (75 μg/mL), even though the power density of natural sunlight was as low as 70 mW/cm 2 , both bacterial strains were totally killed after being exposed to natural sunlight for 10 min (Figure 5b and 5d) . As controls, no obvious antibacterial effect was observed in the absence of Cu7S4 NCs under the same irradiation conditions (Figure 5a and 5c). These results suggest that the as-prepared Cu7S4 NCs can effectively absorb natural sunlight irradiation and convert the solar energy to heat, implying that these highly doped copper chalcogenide semiconductor nanocrystals can serve as promising solar photothermal agents with wide applications, such as antibacterial therapy, food sterilization, and environmental treatment, especially for applications in the wild and at disaster scenes where special laser equipment is not available. Fig. 4 . Fluorescence (a-d and e-h) and bright-field (a1-d1 and e1-h1) imaging of S. aureus (a-d and a1-d1) and E. coli (e-f and e1-f1) under different treatments. (a, b, a1, b1, e, f, e1, f1) without and (c, d, c1, d1, g, h, g1, h1) with the simulated sunlight irradiation (1.0 W/cm 2 ) for 3 min. (a, c, a1, c1, e, g, e1, g1) without photothermal agent and (b, d, b1, d1, f, h, f1, h1) with 75 μg/mL of Cu7S4 NCs dispersed in PBS solution. To observe the fluorescence images of dead bacteria, both of the S. aureus and E.coli were stained with 10 μg/mL of PI for 20 min (red indicates dead bacterial). The excitation wavelength was set at 543 nm. NCs (500 μL, 300 μg/mL) and bacteria (200 μL, 10 7 CFU/mL) were mixed into PBS to afford a total volume of 2 mL solution and then irradiated with the natural sunlight (70 mW/cm 2 ) for 10 min. After irradiation, 50 μL of the bacterium suspension was cultured in the agar plate and incubated at 37 °C for 24 h before photographing and counting.
Conclusion
In conclusion, we developed a green and efficient, photothermal fungicide agent, Cu7S4 NRs, which enable to directly use sunlight for highly efficient disinfection. The monodisperse Cu7S4 NRs was prepared via a new strategy by using hot injection and thermolysis of a single precursor and the resultant hydrophobic Cu7S4 NRs were then successfully transferred into aqueous solution by surface coating using an amphiphilic polymer PSIOAm. The as-prepared Cu7S4 NCs display broadband absorption and excellent photothermal conversion efficiency, thus afford greatly enhanced antibacterial efficiency towards both Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria. Under natural sunlight irradiation (70 mW/cm 2 ), in the presence of a rather low concentration of the photothermal agents, both of the bacteria strains were completely killed after being exposed for 10 min. In addition to high photothermal conversion efficiency and broadband absorption, these Cu7S4 nanocrystals also possess other favourable features such as earth-abundance, low toxicity, good biocompatibility and high stability, which would be ideal for further use in an economic and eco-friendly manner. This proof-of-concept experiment paves the way to explore inexpensive and highly efficient photothermal agents with broadband absorption for directly employing clean and renewable solar energy for various applications in clinics and food sterilization and environmental treatment.
